Background. Antenatal intermittent preventive therapy with 2 doses of sulfadoxine-pyrimethamine (IPTp-SP) is the mainstay of efforts in sub-Saharan Africa to prevent pregnancy-associated malaria (PAM). Recent studies report that drug resistance may cause IPTp-SP to exacerbate PAM morbidity, raising fears that current policies will cause harm as resistance spreads.
Pregnancy-associated malaria (PAM) is an important, preventable cause of poor birth outcomes in malariaendemic areas in sub-Saharan Africa [1] . Intermittent preventive therapy with antimalarials during pregnancy (IPTp) is a critical tool for reducing the incidence of PAM-attributable adverse birth outcomes [2] . Sulfadoxine-pyrimethamine (SP) is the most commonly administered drug for IPTp owing to its long half-life, favorable side-effect profile, and safety during pregnancy. However, Plasmodium falciparum strains harboring mutations associated with SP resistance are increasingly prevalent throughout sub-Saharan Africa.
The outcome of antimalarial therapy results from complex interactions between parasite pathogenicity, host immunity, drug characteristics, and parasite susceptibility to drug therapy. Recent in vitro studies have suggested that the removal of susceptible parasites from heterogeneous parasitemias by antimalarial therapy may facilitate the relative overgrowth of the remaining resistant parasites and therefore potentiate their pathogenicity [3] . A recent study in Tanzania documented increases in placental inflammation that were associated with SP receipt, suggesting that SP may potentiate placental pathology when applied to partially susceptible infections [4] . However, the effect of these placental findings upon birth outcomes was unclear. Given the prevalence of SP resistance and the current lack of appropriate, safe alternatives for use as IPTp, it is critical to explore the associations between IPTp-SP, SP resistance, and delivery outcomes in further contexts to inform malaria control policies.
Malawi adopted a policy of IPTp with SP in 1993, and despite the subsequent development of widespread SP resistance [5] , a sustained decline in the prevalence of PAM was observed from 1997 to 2005 [6] . In view of the evidence from Tanzania [4] , we hypothesized that the emergence of SP-resistant parasites would modify the effect of IPTp-SP and thereby potentiate placental inflammation and parasite densities and worsen birth outcomes. The Queen Elizabeth Central Hospital Epidemiology of Resistance in Pregnancy-Associated Malaria (QuEERPAM) study [7] was a serial cross-sectional analysis in which we explored the relationships between IPTp-SP, the presence of resistant parasites at delivery, and multiple measures of adverse delivery outcome, including parasite densities, placental histology, maternal hemoglobin concentration, and birth weight.
METHODS
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Enrollment and Sample Collection
Patient enrollment and sample collection have been described elsewhere [6, 8] . In brief, pregnant women delivering between July 1997 and August 2006 at Queen Elizabeth Central Hospital in Blantyre, Malawi, were invited to participate. Those who consented to participate were queried regarding demographic and clinical information. The receipt of SP antenatally was obtained from antenatal clinic cards; from 1999 onward, the date of the last dose of SP was available.
Peripheral and placental blood was used to prepare thick blood smears, which were read by 2 microscopists for the presence and density of P. falciparum parasites. From 1998 onward, full-thickness placental biopsies were wax embedded, stained with modified Giemsa and/or hematoxylin and eosin, and assessed by 2 trained observers masked to other clinical data. Histologic indices included (1) density of parasitemia, expressed as percentage of all observed erythrocytes that were parasitized; (2) mononuclear cell infiltrate, expressed as percentage of all cells observed in the intervillous space; and (3) semiquantitative assessment of malaria pigment deposition in fibrin, as an indicator of chronic placental inflammation [9] . Maternal hemoglobin concentration was measured using HemoCue, and newborns were weighed within 1 day of birth.
Genotyping Procedures
A subset of 25% of available samples from women with positive peripheral blood thick smears for P. falciparum parasites was manually selected at random by personnel blinded to all clinical information. From these specimens, genomic DNA was extracted and P. falciparum parasites were genotyped for mutations in the dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) genes by direct sequencing [7] . To reduce contamination risk, separate work areas were maintained for molecular steps and filtered pipette tips were used for all procedures.
Definitions and Statistical Analyses
Mutations were investigated at codons 51, 59, 108, and 164 of dhfr and codons 437, 540, 581, and 613 of dhps. Haplotypes were assigned based upon codons 51, 59, and 108 in dhfr and 437 and 540 in dhps [10] . The "quintuple mutant" haplotype consisted of mixed or mutant alleles at all 5 loci in dhfr and dhps; "partial wild-type" haplotypes were those with a wildtype allele at any locus. Recent antenatal SP receipt was defined as within 60 days prior to delivery, owing to the prolonged half-life and activity of SP [11] . Maternal anemia was defined as a hemoglobin concentration <11 g/dL (any) and <9 g/dL (moderate), and low birth weight was defined as <2500 g. Antenatal SP use was categorized as "full IPTp" (≥2 doses) or "suboptimal IPTp" (<2 doses).
Antenatal indices and birth outcomes ( parasite densities, placental histologic indices, maternal hemoglobin concentration, and birth weight) were compared between women who received suboptimal or full IPTp using the Kruskal-Wallis rank test, the Student t test, or the χ 2 test. The prevalence of moderate anemia and low birth weight were compared between groups using the χ 2 test. To assess for effect modification of the effect of IPTp upon birth outcomes, we stratified women into those harboring partial wild-type parasites and those with quintuple mutant parasites; after stratification, we repeated comparisons of birth outcomes between IPTp groups. To account for covariates (including the effect of the year of delivery and the effect of resistant P. falciparum) in the analysis of the association between IPTp-SP and birth outcomes, we first used linear or logistic regression to compare maternal peripheral parasite density, placental parasite density, maternal hemoglobin concentration, birth weight, and the dichotomized proportions of moderate anemia and low birth weight between women who received suboptimal and full IPTp. Parasite densities were natural log-transformed prior to regression modeling. Subsequently, adjusted comparisons were then computed by repeating regression models after the inclusion of covariates representing delivery year and P. falciparum haplotype, as well as reported mediators of placental pathology: human immunodeficiency virus (HIV) infection [12] , gravidity (primigravid versus multigravid) [4] , and the recent receipt of SP.
Clinical data were initially entered into Epi Info or Microsoft Access; all statistical analyses were ultimately performed using Stata/IC, version 10.
RESULTS
Antenatal Indices
Full genotyping and antenatal data were available for 177 women with P. falciparum parasites on peripheral blood smear from 1997 to 2005. The patients in this subset were similar to the overall cohort from which they were drawn [6] . The mean (standard deviation [SD]) age was 21.7 years (4.8) and 52% were primigravidae (Table 1 ). Of 128 women tested for HIV, 45 (35.2%) were positive; 90.4% received SP antenatally, with a mean (SD) number of doses of 1.59 (0.9). Of 120 women who received SP for whom the date of receipt was recorded, 74 (61.7%) had received SP within 60 days prior to delivery. Between years there were significant differences in the mean number of SP doses (P < .001), the proportion of women receiving SP (P < .001) ( Figure 1A ), and the proportion of women who received SP within the preceding 60 days (P = .002) (data not shown).
Antenatal Associations With IPTp-SP and Drug Resistance
Overall, 67.9% of women harbored the quintuple mutant haplotype, the prevalence increasing from 16.7% in 1997 to 100% in 2005 ( Figure 1B ) [7] . Pure wild-type dhfr-dhps haplotypes declined from 33.3% to 0. Overall, differences in the prevalences of haplotypes were significant between years (P < .001). Using Poisson regression, the prevalence rate of the quintuple mutant haplotype increased by an average of 11% each year (1.11; 95% confidence interval, 1.08-1.16).
The mutation in codon 164 of dhfr was not detected in any year; for dhps, the mutation at codon 581 was detected in 1 sample in 2004, and the mutation in codon 613 was detected in 1 sample in 1998. No novel mutations were detected in the sequenced segments of dhfr and dhps.
Age and HIV infection were not associated with IPTp use (Table 1) . Compared with women in the suboptimal IPTp group, women in the full IPTp group had a higher proportion of primigravidae (62.2% versus 41.4%; P = .006), greater mean number of doses of SP (0.8 versus 2.3; P < .001), and a higher proportion of women who had received SP within 60 days prior to delivery (82.2% versus 29.8%; P < .001).
Delivery Outcomes
Of the 177 women with full antenatal and genotyping data, missing data resulted in measurements of maternal hemoglobin, birth weight, peripheral parasite density, placental parasite density, and placental histology being available for Parasite densities varied significantly between years: median maternal peripheral density decreased from 1997 to 2005 from 38 748 to 97 parasites/μL and median placental parasite density decreased from 10 470 (in 1998) to 68 parasites/μL (both P < .001; data not shown). Additionally, placental histology scores varied significantly between years: the proportion of placentae with no malaria deposition in fibrin increased from 7.4% to 63.6% (P < .001) and median placental parasitemia decreased from 23.5% to 8.1% (P < .001). Median mononuclear cell infiltrate in the intervillous space varied significantly between 2.2% and 7.9% (P = .039), but there was no overall trend. There were no differences between years in mean birth weight, maternal hemoglobin, or the prevalence of any anemia or low birth weight births.
Relationship Between IPTp-SP and Delivery Outcomes
Compared with women who received suboptimal IPTp (n = 87), women who received full IPTp (n = 90) had lower median parasite densities in the peripheral blood (226 versus 780 parasites/μL; P = .018) and placenta (168 versus 4898 parasites/μL; P < .001; Figure 2A and 2B). There were no significant differences between women who received full and suboptimal IPTp in median placental parasitemia by histology (8.1% versus 8.0%; P = .995), placental inflammation (median mononuclear cell infiltrate, 4.4% versus 5.8%; P = .831), mean maternal hemoglobin level (10.6 versus 10.7 g/dL; P = .757), the prevalence of moderate anemia (13.5% versus 18.4%; P = .373), mean birth weight (2892 versus 2776 g; P = .086), or the prevalence of low birth weight (11.8% versus 15.8%; P = .481; Figure 2C-F) .
To analyze whether the presence of resistant parasites modified the effect of IPTp, we repeated these analyses after stratifying by the presence of quintuple mutant parasites (Figure 2 ). Although women who received full IPTp had lower peripheral parasite densities in both the presence and the absence of quintuple mutant parasites, the differences within each parasite subgroup were not significant (Figure 2A ). In contrast, the receipt of full IPTp was significantly associated with lower placental parasite densities in both the presence (168 versus 2620; P = .013) and the absence (374 versus 11 575; P = .046) of quintuple mutant haplotypes ( Figure 2B) . Thus, the presence of quintuple mutant parasites did not modify the association of full IPTp receipt with reduced parasite densities at delivery.
Multivariate Analyses of IPTp-SP and Delivery Outcomes
Between 1998 and 2005, there were significant decreases in parasite densities in women who received either suboptimal or full IPTp (Figure 3A and 3B; Supplementary Table) , while histologic indices of inflammation and parasitemia and clinical outcomes of maternal hemoglobin and birth weight were unchanged ( Figure 3B-D and 3F ).
After adjusting for year of delivery, HIV infection, gravidity, and the presence of P. falciparum quintuple mutants, the receipt of full IPTp was not associated with parasite densities, placental histology, maternal hemoglobin concentration, or birth weight (Table 2) . In these models, only the year of delivery was significantly associated with the birth outcomes. Thus, the difference in parasite densities between women who received suboptimal and full IPTp with SP was largely accounted for by differences in the year of delivery.
DISCUSSION
In this serial, cross-sectional observational study in which SPresistant P. falciparum isolates emerged and fixed in parasite populations, the receipt of IPTp with SP was not associated with poor birth outcomes or with the exacerbation of placental pathology. Indeed, the receipt of ≥2 doses of antenatal SP was associated with lower parasite densities, although these differences were most closely associated with the overall sustained declines in morbidity over the 9 years of the study. These data, which indicate that IPTp with SP does not potentiate malaria infection or its impact during pregnancy in Malawi, suggest that the continuation or intensification of IPTp-SP programs will not exacerbate PAM morbidity.
Prior studies of the clinical consequences of SP-resistant parasites have been conflicting: a cross-sectional study in Tanzania suggested that late-term receipt of SP was associated with both higher parasite densities and a greater prevalence of resistant parasites [4] . However, in a randomized trial in Mozambique, the receipt of SP as IPTp was not associated with PAM morbidity [12] . Compared with these studies, our investigation benefits by capturing a greater spectrum of P. falciparum SP resistance and transmission. Some malarious areas are experiencing sustained declines in malaria transmission [13] [14] [15] , and our data are the first to describe the association of drug resistance and PAM morbidity in this dynamic context: from 1997 to 2005, the prevalence of parasitemia at delivery at our study site declined from 23.5% to 5%. Our data suggest that despite the possibility that IPTp-SP may contribute to the selection of quintuple mutant resistant parasites, the use of IPTp-SP is not associated with higher parasite densities, greater placental inflammation, or worsened delivery outcomes.
Recent reports from African settings document a decline in IPTp-SP efficacy, highlighting the need for new PAMpreventive strategies [6, 16, 17] . Because we focused on a selected population of parasite-positive women (who largely failed preventive therapy), we could not fully assess drug efficacy. Nevertheless, we did not detect measurable benefit of full IPTp. This finding may be accounted for by the increasing uptake of insecticide-treated bed nets [6, 18] or increasing parasite drug resistance in the setting of relative underdosing of SP, because only 14% (24 of 177) of women received >2 doses of SP. Feasible options for the replacement of current IPTp-SP regimens include intermittent therapy with another drug [19] , intermittent screening and treatment of antenatal parasitemia [20] , or more frequent dosing of SP [21, 22] . More frequent SP dosing is attractive for several reasons: (1) SP's desirable antenatal safety profile, tolerability, and pharmacokinetics; (2) evidence of improved SP efficacy with more frequent dosing [21] [22] [23] [24] ; (3) the limited tolerability of proposed replacement drugs [19] ; and (4) measurable success (though suboptimal) incorporating SP administration into existing antenatal care services throughout Africa [25] , which may facilitate the adoption of a new policy. Though IPTp-SP will undoubtedly be eclipsed by other PAM preventive strategies, it is likely to remain an important antenatal intervention in many African contexts for some time, and our data from a setting where SP resistance spread early and quickly allay fears that SP may exacerbate PAM morbidity as resistance spreads.
Why was IPTp-SP administration in the presence of resistant parasites not associated with greater degrees of PAM morbidity as predicted by murine [3] and clinical [4] studies? Epidemiologically, the time period of our study covered an overall decline in parasite prevalence among pregnant women, potentially reducing the ability to detect differences. Pharmacologically, in the setting of partial host immunity, SP is capable of clearing infections comprising resistant parasites [26] and thus may have limited parasite growth and placental inflammation despite mutant parasites. Genetically, a key difference between our study and that in Tanzania [4] is the absence of the dhps581 mutation. Similar to a study in Mozambique [12] , this mutation is not prevalent in Malawi, whereas its promotion in pregnant women was posited as a key consequence of SP exposure in Tanzania. Prior in vitro allelic exchange experiments [27] and clinical studies in children [28] suggest that dhps581 does not confer substantially greater resistance or virulence, whereas the quintuple mutant haplotype that we use as a proxy for SP resistance is consistently associated with clinical SP failure [10, 29] . Nevertheless, it should be noted that known drug resistance genotypes might not be the only determinant of parasite phenotype in placental malaria. Also, because drug resistance haplotypes in sub-Saharan Africa have regional origins [30] , a mutation such as dhps581 may be linked to mediators of pathogenicity that are heretofore undescribed and that modify response to antimalarials.
This study is subject to several limitations. Comparison to some prior studies [4, 12, 31] is limited owing to our analysis of peripheral instead of placental parasitemias. Nevertheless, the prevalence of drug-resistant genotypes between compartments is tightly correlated [31, 32] . The number of women harboring parasites with partial wild-type haplotypes was very low in some years. Because of this, we chose to study a broad range of clinical, parasitologic, and histologic outcomes to maximize our ability to detect differential morbidity. Bed-net use was not analyzed because it is not postulated to mediate the effect of drug resistance and may not confer added benefit when IPTp-SP coverage is high, as in our study [21] .
This successful provision of SP to most (>85%) women in our study precluded an analysis of outcomes in women who did not receive SP. However, accumulating evidence supports a dose-response relationship between SP receipt and clinical outcomes [21] , suggesting that the comparison between suboptimal and full IPTp-SP is biologically and clinically relevant. Finally, despite our multivariate modeling, as an observational study that is subject to prevailing and dynamic clinical factors, we cannot rule out confounding of the relationships between IPTp-SP, parasite haplotype, and morbidity by unmeasured clinical or parasite variables.
In this longitudinal observational study that benefits from consistent patient enrollment designed to limit bias and the rigorous assessment of a broad range of clinical, parasitologic, and histologic delivery outcomes, the receipt of IPTp-SP and infection with SP-resistant parasites at delivery were not associated with the exacerbation of PAM morbidity. Our study provides reassurance that the spread of parasites harboring the "quintuple mutant" haplotype may not exacerbate PAM morbidity in the context of SP use as IPTp and demonstrates the value of longitudinal, integrated clinical and molecular surveillance to inform policies to prevent pregnancy-associated malaria and improve maternal and neonatal health.
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